Objective-To determine the contribution of hyperinsulinemia to atherosclerosis development. Methods and Results-Apolipoprotein E (Apoe) null mice that had knockout of a single allele of the insulin receptor (Insr) gene were compared with littermate Apoe null mice with intact insulin receptors. Plasma insulin levels in Insr haploinsufficient/Apoe null mice were 50% higher in the fasting state and up to 69% higher during a glucose tolerance test, but glucose tolerance was not different in the 2 groups. C-peptide levels, insulin sensitivity, and postreceptor insulin signaling in muscle, liver, fat, and aorta were not different between groups, whereas disappearance in plasma of an injected insulin analog was delayed in Insr haploinsufficient/Apoe null mice, indicating that impaired insulin clearance was the primary cause of hyperinsulinemia. No differences were observed in plasma lipids or blood pressure. Despite the hyperinsulinemia, atherosclerotic lesion size was not different between the 2 groups at time points up to 52 weeks of age when measured as en face lesion area in the aorta, cross-sectional plaque area in the aortic sinus, and cholesterol abundance in the brachiocephalic artery. Conclusion-Hyperinsulinemia, without substantial vascular or whole-body insulin resistance and without changes in plasma lipids or blood pressure, does not change susceptibility to atherosclerosis. (Arterioscler Thromb Vasc Biol . 2012;32:1124-1131 .)
N umerous epidemiological studies have shown that hyperinsulinemia is a major independent risk factor for cardiovascular disease.
1- 4 An increase in circulating insulin levels is usually considered a surrogate measure of insulin resistance, which is often thought to have a closer causal relationship with cardiovascular disease than hyperinsulinemia. 5, 6 However, insulin can activate several mechanisms considered proatherosclerotic through direct effects on vascular or inflammatory cells. [7] [8] [9] [10] [11] [12] [13] [14] Whether hyperinsulinemia changes susceptibility to atherosclerosis independent of associated metabolic changes such as insulin resistance, dyslipidemia, or hypertension is not known. A barrier to answering this question has been the unavailability of an atherosclerosis-susceptible animal model with endogenous hyperinsulinemia but without a substantial impairment of insulin action and with no changes in circulating lipids or blood pressure.
We recently reported that knockout of the insulin receptor targeted to endothelial cells increases atherosclerotic lesion area in the aorta by up to 2.9-fold in the absence of changes in glucose or lipid metabolism. 15 Downregulation of endothelial cell vascular cell adhesion molecule-1 by insulin appeared to contribute to this effect. 15 Because mice with endothelial cell insulin receptor knockout did not have changes in circulating insulin levels, the results imply that normal levels of insulin protects against atherosclerosis development. However, in that study we could not address the influence, if any, of hyperinsulinemia itself on atherogenesis. Insulin can activate several mechanisms considered proatherosclerotic through direct effects on vascular cells, including increased endothelial cell expression of endothelin-1 8, 9 and plasminogen activator inhibitor-1 10, 11 and increased smooth muscle cell proliferation. 12 Insulin may also augment activation of macrophages infiltrating the vascular wall, and conditional deletion of the insulin receptor (Insr) gene in macrophages has been shown to decrease the rate of atherosclerosis development in some 13, 14 but not all 16 studies. During characterization of mice bred to create tissue-specific insulin receptor knockout, 15 we also created mice with whole-body knockout of a single allele of the insulin receptor combined with total knockout of the apolipoprotein E (Apoe) gene. These animals had hyperinsulinemia but no signs of insulin resistance, suggesting that they would be an attractive model for studying the effect of hyperinsulinemia on atherosclerosis development. Although insulin receptor knockout was created by cre recombinase activity in the germline of mice with a "floxed" mutation in the Insr gene, animals used for experiments were offspring of cre-negative mice and therefore had an inherited deletion of a single allele of the Insr gene. Metabolic studies showed that, compared with littermate controls, these mice had hyperinsulinemia primarily due to decreased insulin clearance, with no detectable impairment of insulin signaling and no change in glucose tolerance or whole-body insulin sensitivity measured by insulin tolerance tests. Plasma lipid levels and blood pressure were not different in the 2 groups. This model has allowed us to determine whether hyperinsulinemia can alter atherosclerosis development.
Methods
Additional details of the experimental procedures are included in the online-only Data Supplement.
animals
Cross-breeding of mice with exon 4 of the Insr gene flanked by loxP sequences ("floxed"), Tie2-cre transgenic mice, and Apoe null mice have been described previously. 15 When breeding Apoe null mice homozygous for a floxed Insr gene, a whole-body null recombination of a single allele of the Insr gene occurred if the female breeder harbored the Tie2-cre transgene, presumably because of cre-mediated recombination in the female germline ( Figure I in the online-only Data Supplement), as described previously for this transgene. 17 For the current study, we used breeders negative for the cre transgene, which ensured that a null mutation in a single Insr allele was always inherited. ("controls") ( Figure I in the online-only Data Supplement). The mice had been partly backcrossed to the C57 background, with previous genetic characterization of animals from the same colony showing that animals had 87.60.8% of the C57BL/6 background, using an array genotyping 377 single-nucleotide polymorphisms. 15 Littermate controls were used in all analysis. Female mice were used for experiments and fed a regular chow diet with 9.0% (wt/wt) fat and 0.221 ppm cholesterol (Mouse Diet 9F, LabDiet). All protocols for animal use and euthanasia were reviewed and approved by the Animal Care Committee of the Joslin Diabetes Center and were in accordance with National Institutes of Health guidelines.
insulin injection and tissue isolation
Mice were fasted 4 hours before sampling of blood for analysis of plasma lipids and overnight (16 hours) before isolation of tissues after insulin stimulation. Anesthesia was induced with pentobarbital. In some animals, insulin or insulin diluent was injected into the vena cava after laparotomy. Blood was drawn by cardiac puncture in a syringe containing EDTA immediately before opening the thorax.
Glucose and insulin tolerance tests
Glucose and insulin tolerance tests were performed as described.
insulin Clearance
Human insulin with a proline B28 to aspartate mutation, also called insulin aspart (NovoLog, Novo Nordisk), was administered at a dose of 0.5 mU/g as an intravenous bolus in the jugular vein through a catheter placed 3 days previously. Capillary blood from a tail cut was sampled in heparinized capillary tubes immediately before insulin aspart injection and 15, 30, 45, and 60 minutes after injection. Plasma was stored at 270°C and subsequently analyzed with an ELISA which does not cross-react with native insulin. 18 Accordingly, the assay showed no detectable value in plasma samples obtained before insulin aspart injection.
Quantification of atherosclerotic Lesion size
Quantification of en face atherosclerotic lesion size in the aorta, cross-sectional plaque area in the aortic sinus, and brachiocephalic artery cholesterol abundance was performed as described previously.
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statistical analysis
Responses in glucose and insulin tolerance tests were analyzed by calculating the area under the concentration versus time curve using the linear trapezoidal rule. Analysis of differences between atherosclerotic lesion size was done with the Wilcoxon rank-sum test. All other analyses were made using paired or unpaired t tests. Statistical significance was defined as P0. 05 . In text and graphs, data are presented as meanSEM.
results
In Apoe null mice with haploinsufficiency of the Insr gene ("haploinsufficient mice"), insulin receptor protein expression was reduced in all tissues tested when compared with littermate Apoe null controls with a "floxed" but intact Insr gene ("control mice"). In liver of haploinsufficient mice, protein expression of the -subunit of the insulin receptor was 46% of levels in control mice ( Figure 1A and 1C, P0.01) and in skeletal muscle it was 25% of control levels ( Figure  2A , P0.01). Similar to what was previously reported for Insr 1/ + mice, 19 body mass was 13% lower in haploinsufficient mice than in controls at 24 weeks of age (Table, P50 .02). Dual-energy X-ray absorptiometry scanning showed that fat mass was 12.7% lower and lean mass 4.5% lower in haploinsufficient mice compared with controls (Table) , although these differences were not statistically significant. Food intake was 3.30.6 and 3.40.6 g/d in control and haploinsufficient mice, respectively (P50.9). Therefore, the lower body mass in the haploinsufficient mice was probably caused primarily by a reduction in fat mass, although more detailed characterization of these changes would require further study.
Intravenous injection of an insulin bolus (50 mU/g body weight) increased insulin receptor expression in phospho-tyrosine immunoprecipitate from liver lysate of control mice, but less so in haploinsufficient mice, in which it was 347% of the control value ( Figure 1B and 1C, P0.01). Despite reduction in insulin receptor expression and levels of tyrosine-phosphorylated receptors, downstream insulin signaling was not affected, similar to what was previously found in Insr 1/ + mice. 20 In skeletal muscle in the current study, intravenous injection of insulin stimulated phosphorylation at Ser473 of Akt in control and haploinsufficient mice 23.84.9-fold and 24.81.4-fold, respectively, from the levels of control mice injected with vehicle ( Figure  2A and 2B).
Similarly, insulin-stimulated phospho-Akt in liver was 24536% and 26049%, respectively, of the levels of control mice injected with vehicle and in perigonadal fat 30532% versus 28831% ( Figure 2B , all statistically nonsignificant). Insulin-stimulated phosphorylation of glycogen synthase kinase-3 (GSK-3) at Ser9 also was not significantly different in muscle, liver, and fat in the 2 groups ( Figure 2A and data not shown). These experiments were repeated with a lower intravenous dose of insulin, 0.5 mU/g, which resulted in plasma insulin concentrations of 214 U/ mL or less in blood sampled just before tissue isolation. Again, insulin-stimulated phospho-Akt and phospho-GSK-3 was similar in the 2 groups in liver, muscle, and fat ( Figure II in the online-only Data Supplement).
Hyperinsulinemia without glucose intolerance was previously reported for Insr 1/ + mice. 19 To examine whether Insr haploinsufficiency in our mouse model had a similar phenotype, glucose tolerance tests were performed by intraperitoneal injection of glucose in fasting mice. Plasma insulin levels were elevated in haploinsufficient mice at every time point studied ( Figure 3A) ; in the basal condition before glucose injection, it was 50% higher (P0.05), and 30 minutes after glucose injection it was 69% higher in haploinsufficient mice compared with controls (1.490.20 versus 0.880.14 ng/mL at 30 minutes, respectively; Figure 3A , P50.02). Haploinsufficient mice had somewhat better glucose tolerance, although this was not significantly different between the 2 groups ( Figure 3B ). Furthermore, plasma C-peptide in the random fed state was similar in the 2 groups in the current study, 32281 pmol in controls and 31565 pmol in haploinsufficient animals (Table, P50.9), suggesting that there was no difference in insulin production.
Because hyperinsulinemia was not readily explained by insulin resistance or increased insulin production, we measured insulin clearance. Exogenous insulin was given as an intravenous injection of human insulin with a proline B28 to aspartate mutation (NovoLog, Novo Nordisk), an insulin analog with receptor affinity and potency similar to that of regular human insulin, 21 but allowing specific immunodetection of exogenous insulin. Disappearance of B28-Asp insulin in plasma was substantially slower in Insr haploinsufficient mice compared with controls, with plasma concentrations of B28-Asp insulin up to 2.7-fold higher in haploinsufficient animals ( Figure 3C , P0.01 for area under the curve).
During an insulin tolerance test in the random fed state, mice with Insr haploinsufficiency showed a decrease in blood glucose no different than in control mice during a course of 2 hours, indicative of similar insulin sensitivity ( Figure 3D , P0.3). Overall, this characterization is compatible with hyperinsulinemia caused primarily by decreased insulin clearance.
Apoe null mice spontaneously develop hypercholesterolemia on a regular chow diet. In haploinsufficient animals, serum concentrations of free fatty acids ( Figure IIIA Analysis of protein expression in the aorta showed that the -subunit of the insulin receptor was reduced by 50.08.4% ( Figure 4A and data not shown, P0.001). Expression of eNOS protein in the aorta was not different in the 2 groups ( Figure  4A, P50.96) . Vascular cell adhesion molecule-1, which is upregulated in endothelial cells in mice with insulin receptor knockout targeted to endothelial cells, 15 or endothelin-1 were also not different between haploinsufficient and control animals ( Figure 4A ). Vascular wall insulin sensitivity was assessed by insulin-stimulated Akt phosphorylation in vivo. Akt Ser473 phosphorylation in the aorta after an intravenous insulin bolus, as in muscle, liver, and fat, was similar between groups ( Figure 4B ). The insulin-stimulated level relative to control animals injected with vehicle was 39793% in controls and 35145% in haploinsufficient animals, respectively ( Figure 4B, P50.6 ). Decreased insulin receptor expression could potentially change IGF-1 signaling by decreasing the number of hybrid insulin/IGF-1 receptors or by other , respectively). M indicates molecular weight marker. B, Insulin (50 mU/g) or insulin diluent was injected in the vena cava during pentobarbital anesthesia. After 5 minutes, organs were isolated and flash frozen. Representative Western blots based on phospho-tyrosine immunoprecipitates from liver lysate using tissue from control (c) and haploinsufficient (D) mice. C, Average values from 6 control and 5 haploinsufficient animals (left) and from 6 control and 6 haploinsufficient animals (right).
mechanisms. However, intravenous injection of IGF-1 increased phosphorylation of Akt in the aorta to the same degree in control and haploinsufficient mice (to 22242% and 21648% of control levels, Figure IV in the online-only Data Supplement, P50.9). There was no difference between the 2 groups of animals in terms of systolic or diastolic blood pressure or pulse rate (Table) .
Atherosclerosis in the aorta was measured as the fraction of the surface area in en face flat preparations stained by Sudan IV (Figure 5A through 5D ). At 24 weeks of age, the lesion area, on average, was almost identical in the 2 groups; it was 1.50.3% in haploinsufficient animals and 1.60.3% in controls ( Figure 5B, P50.8) . At 52 weeks, lesion area remained without significant differences (16.93.5% and 14.02.5% in control and haploinsufficient mice, respectively, Figure 5D , P50.6). At this age, the cross-sectional plaque area in the aortic sinus and the macrophage content in the aortic sinus were also not statistically different in the 2 groups (plaque area, 541 48986 632 m 2 and 379 40541 244 m 2 , respectively; Figure 5E and 5F, P50.2; F4/80-positive area relative to plaque area, 14.12.9% and 12.42.4%, respectively; Figure VA and B in the online-only Data Supplement, P50.6).
As a separate analysis of atherosclerotic plaque development, cholesterol content was analyzed in extracts of the brachiocephalic artery at 36 weeks of age. This measure has been shown to correlate well with lesion area in histological cross sections. 22 
discussion
High circulating insulin concentrations present in conditions such as obesity and type 2 diabetes have for decades been suspected to promote atherosclerosis through direct effects on the vascular wall. [23] [24] [25] However, animal models to test this hypothesis have been lacking. Hyperinsulinemia in models of obesity and diabetes is associated with changes in plasma lipids which confound the association between plasma insulin and atherosclerosis development. Furthermore, hyperinsulinemia is usually associated with significant impairment of insulin signaling in the vascular wall, which in itself can promote atherosclerosis. 15 In the current study, we describe a mouse model with levels of hyperinsulinemia that are relevant for human disease and primarily due to decreased insulin clearance, with little impairment of insulin action in the vasculature or in other tissues. Atherosclerosis development in these mice and their controls is caused by hypercholesterolemia due to deletion of the Apoe gene. However, we found no difference in atherosclerotic lesion size in hyperinsulinemic mice compared with controls. These data indicate that abnormally high insulin concentrations alone, without substantial impairment of vascular insulin signaling, and in the absence of significant changes in glucose or lipid metabolism, are not sufficient to accelerate atherosclerosis.
Plasma insulin in the Insr haploinsufficient mice was 50% higher than in controls in the fasting state and up to 69% higher during a glucose tolerance test. This level of hyperinsulinemia is appropriate as a model of hyperinsulinemia in humans at risk for cardiovascular disease. For example, in the Quebec Heart Study, the mean plasma insulin in the case group of patients with cardiovascular disease was 18% higher than in control subjects (92.1 versus 78.2 pmol), with an odds ratio of 1.7 for each standard deviation of increase in plasma insulin. 4 In human conditions and in animal models of obesity and insulin resistance, hyperinsulinemia is often an index of peripheral insulin resistance. Therefore, it may seem counterintuitive that hyperinsulinemia in the haploinsufficient mice in the current study is present together with preserved insulin sensitivity and glucose tolerance. However, it is possible that clearance of insulin, which involves binding of the hormone to its receptor on hepatocytes, may be affected more , respectively) in the morning after an overnight fast. D-glucose 2 mg/g body weight was injected intraperitoneally. Capillary blood was sampled from a tail cut and analyzed immediately for glucose concentration. Heparinized plasma was analyzed for insulin concentrations by ELISA. C, Insulin aspart (containing a P[B28]D mutation) at a dose of 0.5 mU/g was injected intravenously in the random fed state. Capillary blood was sampled from a tail cut and heparinized plasma was analyzed by an ELISA without cross-reactivity to endogenous insulin. D, Insulin tolerance test performed in the random fed state using intraperitoneal injection of insulin (0.6 mU/g).
by a reduction in insulin receptor numbers than postreceptor insulin signaling or insulin-stimulated glucose uptake.
In the current study, neither mice used for experiments nor their parents carried a cre transgene. Therefore, haploinsufficiency of the Insr gene in Insr flox/D Apoe 2/2 mice was due to an inherited mutation and cre-mediated deletion in any tissue would not have occurred. The metabolic phenotype of Insr flox/D Apoe 2/2 mice may be modified by the Apoe null mutation but is generally compatible with data from Insr 1/ + mice, in which the Insr deletion was created by targeted mutation in stem cell culture. 19 In the publication first describing the phenotype of Insr 1/ + mice, it was noted that animals had hyperinsulinemia in the fasting state and during glucose tolerance test but no glucose intolerance. 19 Subsequent studies of these mice showed a modest reduction 26, 27 or no reduction 20 in insulin-signaling events in liver, muscle, or fat, such as p85 coimmunoprecipitation with phospho-tyrosine or IRS proteins or PI3K activity in phospho-tyrosine immunoprecipitates.
In the current study, we observed no decrease in insulin signaling between haploinsufficient and control mice over a 100-fold range in insulin dose, from 0.5 to 50 mU/g. In contrast, mice fed a high-fat diet develop insulin resistance with considerable inhibition of insulin-stimulated phospho-Akt 28 at insulin doses similar to the high dose (50 mU/g) used in the current study. Haploinsufficient mice had a modest reduction of body mass relative to control mice, although this had no apparent effect on insulin sensitivity, other metabolic parameters, or circulating lipids. Insulin sensitivity in both haploinsufficient and control mice in our study was probably affected by Apoe deletion, as Apoe null mice have lower fat mass in adipose tissue, are more insulin sensitive, and are protected against insulin resistance induced by diet-induced obesity, [29] [30] [31] primarily because of decreased triglyceride uptake and turnover in adipose tissue. [31] [32] [33] It is possible that haploinsufficient mice could have decreased insulin signaling compared with control mice at an even lower insulin dose or that insulin sensitivity, which was not different between the 2 groups in insulin tolerance tests, would be impaired during a euglycemic hyperinsulinemic clamp. Regardless, the primary cause of hyperinsulinemia in haploinsufficient mice appears to be impaired insulin clearance. Measurement of insulin clearance in Insr 1/ + mice has not been published, but mice with deletion of the Insr gene specifically in hepatocytes have plasma insulin concentrations that are 20-fold higher than their controls, 34 confirming that the majority of insulin clearance occurs in the liver after binding of the hormone to its receptor. 8, 35 Plasma cholesterol and triglyceride in plasma and in lipoprotein fractions were not different in haploinsufficient animals and controls. This made it possible to compare the effect of hyperinsulinemia on atherosclerosis when accompanied with no or only mild insulin resistance, without any confounding effect of changes in plasma lipids or blood pressure. Insulin receptor knockout mice with a transthyretin transgene, which rescues these mice from neonatal death by expression of 10% of control levels of insulin receptor protein in the liver, have decreased atherosclerosis. 36 However, these animals have changes in several determinants of atherosclerosis development, including abolished insulin signaling , respectively).
in the aorta and reduced plasma VLDL and LDL cholesterol as well as reduced hepatic VLDL secretion. 36 In mice with normal circulating insulin levels and loss of insulin signaling in endothelial cells, atherosclerotic lesion area was increased in the aorta by up to 2.9-fold. 15 Together with data from the current study, these results suggest that in the metabolic syndrome and type 2 diabetes, activation of potentially proatherosclerotic mechanisms in vascular cells by hyperinsulinemia has little effect on atherogenesis, whereas substantial insulin resistance in endothelial cells by itself can promote atherosclerosis development. This implies that in terms of the contribution of abnormal vascular insulin signaling to atherosclerosis, our efforts may be better focused on improving endothelial cell insulin resistance than preventing effects of hyperinsulinemia on the vascular wall.
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